Abstract-Visible Light Communication (VLC) is challenged by two main drawbacks: ambient light interference and the transmission range. To overcome these drawbacks, we propose an On Off Keying (OOK) based tuned VLC Analog Front-End (AFE) using simple and low-cost electronic circuity. The proposed VLC receiver architecture consists of a transimpedance amplifier and a fourth order Multiple Feed Back (MFB) band pass filter. The filter is designed with high gain and high-quality factor (Q) for a specified center (resonant) frequency. The system performance was measured in terms of Signal to Noise Ratio (SNR) at two different resonant frequencies. Experimental results show that the proposed VLC front-end is able to extend the transmission range from 60cm to 2.2m without any form of lensing at either transmitter or receiver. The receiver also showed robustness against ambient light interference. A data rate of 20kbps over a distance of 1.8m with a bit error rate (BER) < was successfully achieved.
I. INTRODUCTION
Visible Light Communications (VLC) is currently considered one of the most promising Optical Wireless Communications (OWC) for commercial applications, due to the widespread deployment of white light LEDs for energy efficiency, better durability and low cost. With the ability to provide several THz of bandwidth, VLC is expected to replace or at least co-exist with future radio frequency (RF) media as a reliable solution to the rapid demand of high speed wireless communication [1] . VLC utilizes visible light which is totally harmless to humans and environment therefore is considered as a step forward towards "green communication". Moreover, LEDs have high switching capability as they can be switched between ON and OFF states at high speeds enabling them to be used in high data rates communications [2] .
In VLC the LED transmission is performed by Intensity Modulation (IM), while reception is carried out by photodiode through Direct Detection (DD). Generally, VLC depends on two main categories of modulation, which are single-carrier modulation and multi-carrier modulation [3] . The most common single-carrier modulation scheme widely used in VLC implementation is the On Off Keying (OOK) due to its advantages of low complexity and low cost [4] . OOK modulation have been standardised in IEEE 802.15.7 for both indoor and outdoor applications. In addition, various Run-length limited (RLL) codes were defined such as Manchester code to prevent long runs of ones and zeros that could cause light flickering and Clock and Data Recovery (CDR) detection issues [5] . The most common VLC configuration is Line-Of-Sight (LOS) which could offer sufficient transmission range along with illumination. However, the intensity of light decreases with radiation distance, coupled with scattering and absorption by air particles making it more challenging to achieve long range communication [6] . An anti-low frequency OOK-based VLC receiver was implemented in [4] which has the ability to reduce indoor low frequency light noise however its transmission range was limited to 1m distance. Another study proposed analog filter design which employed a DC offset removal circuit and a band stop filter to remove indoor fluorescent light interference [7] .
In this paper we propose an OOK-based VLC front-end which employs a high gain high Q band pass filter with the Multiple Feed Back (MFB) topology which operates at a defined centre frequency. The proposed MFB active filter uses the full gain of the Op-Amp at the defined transmission frequency maximizing the gain and therefore extending the transmission range. The band pass filter behaves as a resonant circuit which detects the desired signal at the transmitting centre frequency and rejects unwanted frequencies including ambient light noise frequencies.
The remainder of this paper is organized as follows: Section II demonstrates the VLC channel characteristics. Section III presents a detailed description of the proposed VLC system design and parameters. The experimental results and discussion are provided in section IV. Finally, conclusions and future work are presented in section V.
II. VLC CHANNEL CHARACTERISTICS
To design, implement and operate an efficient optical wireless communication system, it is crucial to understand the channel characteristics. In LOS configuration the channel gain can be expressed as: Where is the area of the detector, is the transmission distance, is the order of Lambertian emission, is the angle of irradiance, Ψ is the receiver angle of incidence, Ψ is the receivers' field of view (FOV), and (Ψ) is the transmission response of the optical system. According to (1) the channel gain is inversely proportional to the transmission distance [8] . In addition, the transmitted signal will be affected by atmosphere absorption and light scattering, which reduces the channel gain. Therefore, the monolithic channel gain due to attenuation of light intensity can be defined as:
Where ( ) is the attenuation coefficient, is the atmospheric absorption coefficient, is the absorption coefficient of aerosol particles, is the scattering coefficient of atmospheric molecules, and is the scattering coefficient of aerosol particles [6] . From the above equations we can conclude that by increasing the transmission distance, the channel gain will decrease, which means that long-range VLC applications will suffer from low SNR. Therefore, to achieve longer transmission distance, higher transmission power and higher receiver sensitivity are needed which is challenging in practical VLC applications.
III.
SYSTEM DESIGN AND PARAMETERS Figure 1 shows the block diagram of the proposed VLC system. The transmitter ( ) is comprised of a signal generator and the LED driver circuit. The data generated by the signal generator will be encoded and transmitted by the diver circuit using OOK modulation and Manchester encoding. Next the data is transmitted by visible light which is emitted by white light LED. At the receiver ( ) side the signal is detected by the photodiode. Due to the communication channel characteristics, the data received at the side is faded, attenuated, and interfered with ambient light noise.
In order to reduce the noise interference and increase the receiver sensitivity we propose a receiver design which is comprised of a Transimpedance Amplifier (TIA), a fourth order band pass filter with MFB topology, and a comparator. Finally, the received signal is observed and analysed through the oscilloscope. In this paper, the discussion will be focused on the employment of the MFB band pass filter in the AFE as illustrated in Fig 1. Table 1 shows the components parameters used in experiments. 
A. Transmitter Design
The proposed transmitter is comprised of two stages: the Manchester encoding stage and the LED driver circuit. The Manchester encoding is simply performed by logically combining the Pseudo Random Binary Sequence (PRBS) generated by the signal generator and a data-rate clock using an X-OR gate. Manchester encoding was chosen due to its simplicity in encoding arbitrary digital serial data without any continuous long strings of 0's and 1's. As shown in Figure 2 the LED driver circuit was designed using the Common-Collector (CC) transistor configuration. The high input impedance and low output impedance with an approximate unity gain of the CC configuration makes it a good choice as a buffer in the transmitter design [9] . The resistors and form a voltage divider which controls the base emitter voltage. The coupling capacitor blocks any DC signal at the input. The resistor controls the LED forward current and degenerates the emitter for early voltage improvement. 
Variable Description

B. Receiver Design
The proposed receiver front-end is comprised of a photodiode, Transimpedance Amplifier (TIA) and a MFB band pass filter. Figure 3 shows the schematic design of each module and the corresponding values of components. The signal detected by the photodiode is fed to the TIA where the current to voltage conversion occurs. The 5-pF capacitor ( ) connected in parallel with the feedback resistor ( ) helps removing the noise at the photodiode output. The proposed filtering stage is a fourth order Butterworth MFB active band pass filter with 54 dB gain, which comprises of two second order filters in cascade. This topology was chosen due to its simplicity in design and its ability to achieve high gain at the specified center frequency [10] . The proposed MFB active band pass filter acts as a "resonant" circuit with steep roll-off on both sides of its center frequency. The frequency response of the filter produces high gain and high Q at its center frequency. The filter selectivity is determined by its quality factor (Q). The MFB filter allows adjusting the center frequency ( ), the gain at center frequency ( ), and Q independently as defined by (4), (5), and (6) [11] .
IV. EXPERIMENTAL RESULTS AND DISCUSSION Figure 4 shows the frequency response of the fourth order MFB band pass filter at two resonant frequencies 5kHz and 10kHz using NI Multisim simulation tool. Based on the frequency response graph, the filter achieves its maximum gain at its center frequency which is the same frequency used during transmission. Therefore, strengthening the detected signal and extending the transmission range. In addition, the band pass filter allows only the specified frequency band and rejects unwanted fluorescent lamp frequencies, which are mainly between 50Hz-100Hz or 1 MHz [12] . Subsequently, the proposed VLC was implemented, and experiments were performed under the indoor case in the presence of fluorescent lights. To ensure the viability of the system several tests were performed. Figure 5 shows the eye diagram of the received signal of a data rate of 20kbps without filtering and at a distance of 60cm which is the maximum achievable distance in this case. It can be seen that received signal is distorted and covered with noise caused by fluorescent lamps. Figure 6 shows the eye diagram of the received signal at the output of the MFB filter at a distance of 1.8m with the same data rate. from the eye diagram it can be seen that the signal is not affected by ambient lights and can be detected up to a distance of 2.2m. 
A. Eye diagram with and without filtering
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In this test two sets of measurements were carried out at two different resonant frequencies 5kHz and 10 kHz. Table 2 shows the values of the components used for the MFB band pass filter at each center frequency. In the first case a center frequency of 5kHz and a data rate of 10kbps were used for transmission. The SNR was measured at varied distances between the transmitter and receiver with and without filtering. Figure 7 shows SNR against distance plot. From the plot we can clearly see that by employing the proposed filter the transmission range can be extended from 80cm to 2.2m. The same test was applied using another center frequency of 10kHz and a data rate of 20kbps for transmission. From figure 8 we can see that the transmission range was extended by using the proposed filter from 60cm to 1.8m; however, a lower data rate was achieved in this case than the previous due to the gain bandwidth product of the OP-AMP trade-off. The maximum achievable bit error rates (BER) were 2.1× 10 and 4.89× 10 for data rates of 10kbps and 20kbps respectively over a transmission distance of 1.6m. This paper has analyzed important factors limiting VLC transmission range and proposed solutions for improving the receiver sensitivity and reducing indoor ambient lights interference. An OOK-based tuned AFE employing a fourth order MFB active band pass filter was designed and implemented. Experimental results show that the implemented receiver is not only able to extend the transmission range but can also reduce the effect of fluorescent lights interference. The viability of the proposed system was measured in terms of SNR. A 20kbps data rate over a distance of 2m with a BER of 4.89× 10 was successfully achieved by using our proposed inexpensive components. Future works should be directed towards applying different modulation schemes such as Pulse Position Modulation (PPM) and Pulse Width Modulation (PWM) while testing the system performance under the outdoor condition. The ability of using high power LED should be investigated in order to achieve long range VLC transmission.
